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Abstract 
This study is dedicated to the characterization of the complex micro-geometry induced by finishing milling –with a 
ball-end tool commonly used to machine complex shapes- and to an approach that takes account of this aspect of 
surface integrity when predicting the fatigue life of a part. A strategy is proposed to characterize the micro-geometry 
by defect size distributions. A two-scale approach taking account of the probabilistic description of the geometrical 
defects induced by the milling process is used to predict the endurance limit of specimens subjected to four-point 
bending fatigue tests. Prior to these fatigue tests the specimens -made of a high strength bainitic steel- were subjected 
to an annealing heat treatment which erases the residual stresses induced by the machining process.  
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1. Introduction 
Fatigue life of machined parts, among other functional performances, is strongly affected by their 
surface integrity, especially the micro-geometry of the surface and the mechanical state of the material in 
the subsurface [1]. In the case of low residual stresses, the effect of micro-geometry becomes essential 
[2]. A lot of existing studies deal with turning [3] –which is a continuous cutting process- or with milling 
of aluminium alloys [4] –which are easily machined without inducing significant values of the residual 
stresses. This study is dedicated to ball-end tool finishing milling of high strength steel parts, whose 
micro-geometry is usually controlled by the cusp height hc. However, surfaces that have been machined 
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using the same programmed cusp heights along with varying cutting conditions can be significantly 
different.  
In order to predict fatigue behaviour, it is necessary to characterize the surface micro-geometry with 
relevant parameters. Standard roughness characterization does not always provide reliable indicators of 
the alteration to fatigue life [5]. Moreover, deterministic macroscopic approaches –as proposed in [6-7]- 
seem inefficient to take account of the complex micro-geometry induced by ball-end tool milling. The 
aim of the probabilistic approach proposed herein –and based on works such as [8-11]- is to take account 
of the statistical distribution of the defects size –related to the scatter of fatigue tests results [12]. 
During this study, fatigue test campaigns –with systematic analysis of fracture surfaces- were 
performed for different cases of micro-geometry. Optical measurements of the machined topographies are 
presented first, explaining how the defect population is described in order to be accounted by the model. 
2. Experimental procedure 
2.1. Fatigue campaign 
Three series of specimens –made of a high strength bainitic steel EN-50CrMo4- were subjected to 
fatigue tests following the staircase method. For the first two series, effective surfaces were machined 
with the same cutting conditions (Fig. 1), with the exception of the tool lead angle, inducing a different 
micro-geometry for each series –case A: Ef = -3°, case B: Ef = 45°. Surfaces of the third series –case C- 
were polished. 
  
Fig. 1. Cutting conditions [13-14] 
Four-point bending was chosen in order to increase the influence of the surface. Tool paths –and hence 
main tool marks- were chosen perpendicular to the direction of the applied stress, assuming that their 
effect as macroscopic stress concentrators would be maximal. All specimens were subjected to an 
annealing heat treatment in order to significantly attenuate the residual stresses in their subsurface. 
2.2. Topography and profile measurements 
Standard parameters can be easily calculated, but they are not sufficient to depict the effect of micro-
geometry on fatigue life. Measurements provided here are intended to give a better understanding of the 
aspects of the micro-geometry that are supposed to have an influence on this behaviour. Machined 
surfaces –case A and B- were observed using a STIL optical measurement station (Fig.2-5). Profiles were 
measured following the loading direction. 
By measuring the bottom of a valley with a small pitch (0.1μm), it is possible to observe the shape and 
orientation of what is considered to be a defect (Fig. 2b).  
VC 300 m/min 
fZ 0.4 mm/tooth 
ap 0.5 mm 
hC 5 μm 
ae 0.45 mm 
Ef -3° (A) or 45°(B) 
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Fig. 2. Case A (a) topography (b) close inspection of a valley (c) profile measured in the loading direction 
For case A specimens, it appears that the complex shape defects can be modelled neither by a smooth 
cusp nor by a penny-shape crack, the orientation of these defects is oblique to the milling direction, and it 
is possible to measure the depth of a defect by extracting a profile (Fig. 2c) 
In order to quantify the defect population, depths of 150 defects were measured on ten 6 mm long 
profiles. The obtained distribution –with sizes varying approximately from 0.5 to 3μm- are presented in 
Fig. 7b. It is worth noticing that the drawback of this method is that the measured defect sizes depend on 
the position of the profile, and thus can be underestimated. 
Similar measurements carried out for case B specimens are presented in Fig. 3. The close observation 
of the valleys shows that notches are parallel to the loading direction (Fig. 3b). Because of this 
orientation, defects are only seen on profiles measured perpendicularly to this direction (Fig. 3c). 
 
 
Fig. 3. Case B (a) topography (b) close inspection of a valley (c) profile measured perpendicularly to the loading direction 
2.3. Results of the fatigue campaign and Scanning Electron Microscopy observations 
Wöhler curves obtained for each series using the Stromeyer method are presented in Fig. 4. Both cases 
of machined specimens have a significantly lower endurance limit than the polished ones. 
 
Fig. 4. Wöhler curves for machined and polished specimens loaded in 4-points bending 
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Following the campaign, fracture surfaces were observed using Scanning Electron Microscopy. The 
regions where failure had initiated were systematically localized –following fracture lines (Fig. 5a)- and 
thoroughly inspected in order to better understand the cause of the failure. 
 
  
Fig. 5. Case C SEM micrographies (a) localization of the crack initiation; (b) cleavage facets (darker flat areas) 
On most specimens, but especially on polished ones, cleavage facets –about 40 μm large- are present 
in the vicinity of the region where failure initiates (Fig. 5b). For non-polished specimens –and especially 
for case A- fewer cleavage facets can be found. Besides, as depicted in Fig. 6, defects of the machined 
surface often appear to be a possible cause of crack initiation. Finally, for a minority of specimens, crack 
initiation seem to be related to inclusions or macroscopic defects close to the surface. 
 
 
Fig. 6. Case A SEM micrography - localization of the crack initiation 
To conclude, cleavage is the main failure initiation mechanism in the bulk material whereas other 
mechanisms related to the (sub-)surface are responsible for the failure of machined specimens. 
To point to the role of a statistical distribution of surface defects on the fatigue behaviour of machined 
specimens is coherent with previous observations, viz. the large scatter of the fatigue test results (Fig. 4) 
and the measured topographies highlighting complex shaped defects in the bottom of the valleys (Fig. 2). 
3. Probabilistic model 
Following the approach used to predict the fatigue behaviour of mechanical parts made of spheroidal- 
graphite cast iron [9-10], as a first approximation, it is assumed that these defects can be modelled as 
cracks –of size a bounded by aM – and that their size distribution, f0 , is represented by the probability 
density function of the beta distribution defined by 
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When a structure –here a bending specimen- is subjected to a fatigue loading –characterized by a load 
ratio, Rı, and a maximum amplitude, Ȉmax, of the macroscopic stress-, each initial defect –characterized 
by its size a and its stress intensity factor K- is assumed to propagate when a threshold value –which can 
be formulated in terms of Kth or ath- is reached, so that 
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where Kt denotes a possible macroscopic stress concentration factor [7], and Y a parameter taking 
account of the shape of the defect. 
The cumulative failure probability, PF0, of a RVE, V0, containing a defect, is the probability of finding 
in this RVE, a defect the size of which is larger than the size of a critical defect aC. Furthermore, making 
the hypothesis that no new defect nucleates [8], it can be shown that the cumulative failure probability, 
PF0, after N cycles can be computed as 
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Within the framework of the weakest link theory, the cumulative failure probability, PF, of the 
structure is related to the cumulative failure probability, PF0, of a RVE, by 
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if the effective volume and the corresponding stress heterogeneity factor [11] are derived from a two- 
parameter Weibull law [12] such that the mean value and the deviation of the endurance limit are equal to 
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Parameters, ¢and £, of the defect size distribution can be derived from the minimization of the 
distance between the experimental and calculated failure probabilities, respectively denoted by PFexp and 
PF, considering different –say 3- values,  i, of the endurance limit, so that 
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The defect size distribution identified by application of this procedure to the experimental fatigue 
results presented in Fig. 4 for case A –considering failure probabilities equal to 10, 50 and 90%- is 
favourably compared to the distribution (Fig. 7). 
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Fig. 7. Case A (a) Calculated and experimental failure probabilities (b) Measured and identified defect size distributions [13] 
4. Conclusion 
The simple probabilistic fracture mechanics model presented herein makes it possible to predict the 
influence on the endurance limit of the micro-geometrical defects induced by machining –when other 
aspects of surface integrity such as residual stresses are negligible and as long as these defects are 
significantly large and unfavourably oriented with respect to the applied fatigue loading, see case A. 
However, future work is required to apply this model to more complex geometrical situations, e.g. case B, 
Besides, it is worth noticing that self-heating tests –made during this study, not reported herein but 
published in [14]- have also shown that heat dissipating mechanisms such as microplasticity also play a 
significant role on fatigue life of machined specimens with micro-geometrical defects. 
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